Group I metabotropic glutamate receptors (mGluRs), mGluR1 and mGluR5, regulate activity in the globus pallidus (GP) and subthalamic nucleus (STN). To test whether the localization of group I mGluRs is altered in parkinsonism, we used immunoelectron microscopy to analyze the subcellular and subsynaptic distribution of mGluR1a and mGluR5 in GP and STN of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice. Homer1 and Homer2 knock-out mice were used to assess the role of Homer in MPTP-induced redistribution of group I mGluRs. We also examined the effects of MPTP on the expression levels of group I mGluRs and Homer proteins in GP and striatum. MPTP treatment significantly reduced the expression levels of H1a and mGluR1a in striatum but not in GP. Although light microscopy did not reveal noticeable effects of MPTP treatment on the distribution of group I mGluRs and Homer proteins in GP and STN, specific changes in the ultrastructural localization of mGluR1a were found in MPTP-treated normal and Homer knock-out mice. An increase in the expression of presynaptic axonal and terminal mGluR1a labeling and an increased level of mGluR1a immunoreactivity in the postsynaptic specialization of putative GABAergic synapses were among the most significant effects induced by dopamine depletion. However, neither of these changes was found for mGluR5, which, in contrast, displayed complex regulatory alterations in its subsynaptic distribution in response to Homer deletion and MPTP lesion. Thus, nigrostriatal dopaminergic lesion and Homer deletion lead to changes in the trafficking of group I mGluRs in vivo that are specific to receptor subtypes and brain areas.
Introduction
The major pathophysiological features of Parkinson's disease include an increased and/or burst firing activity of neurons in the subthalamic nucleus (STN) and increased synchronization of activity within the STN-globus pallidus (GP) network, resulting in the disruption of information flow through the basal ganglia (Wichmann and DeLong, 2003) . Understanding factors that regulate neuronal excitability in GP and STN would be an important step forward in elucidating the role of these nuclei in normal motor control and the pathophysiological changes that underlie Parkinson's disease.
Group I metabotropic glutamate receptors (mGluRs) are G qcoupled heptahelical receptors that are widely expressed postsynaptically in basal ganglia nuclei, including the GP (Hanson and Smith, 1999) and STN (Kuwajima et al., 2004) . Although coupled to the same second messenger cascade, mGluR1 and mGluR5 can serve different physiologic functions even when they are coexpressed in the same basal ganglia neurons (Valenti et al., 2002) . Furthermore, the physiologic responses of group I mGluRs activation in the basal ganglia display a high degree of plasticity in response to haloperidol-or reserpine-induced decrease in dopaminergic transmission . Although the mechanisms underlying these functional changes remain poorly understood, one explanation for such alterations in the physiologic actions would be that the subsynaptic distribution of group I mGluRs changes after dopaminergic antagonism, which may reflect differential mechanisms for their intracellular trafficking.
The trafficking of mGluR1a and mGluR5 is regulated by a family of scaffolding proteins called Homer, which are encoded by three genes (Homer1-3). Most Homer proteins (i.e., H1b/c, 2, and 3; referred to as "long Homer") are constitutively expressed throughout the CNS, except for Homer1a (H1a), which is inducible by various forms of neuronal stimulation, such as enhancement of dopaminergic activity de Bartolomeis and Iasevoli, 2003) . Previous studies in cultured cells indicate that Homer proteins regulate the trafficking of group I mGluRs to the plasma membrane (Roche et al., 1999) and to different neuronal compartments (Ango et al., 2000) , but the importance of Homer-mGluR interactions in vivo remain unknown.
We hypothesized that, in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mouse model of Parkinson's disease, reduced dopamine content in the basal ganglia would alter the expression of Homer proteins, which, in turn, could affect the localization of group I mGluRs in GP and STN. Thus, using immunoelectron microscopic methods, we analyzed the subcellular and subsynaptic localization of mGluR1a and mGluR5 in the GP and STN of wild-type mice treated with MPTP. To identify which Homer isoform is involved in MPTPinduced redistribution of group I mGluRs in these brain areas, mice lacking H1 or H2 were also treated with MPTP. In addition, the effects of MPTP treatment on the total expression levels of group I mGluRs and Homer proteins in GP and striatum (STR) were analyzed by Western immunoblot. Some of these data have been published in abstract form (Kuwajima et al., 2005) .
Materials and Methods
Animals and MPTP treatment. All procedures were approved by the animal care and use committees of Emory University and The Johns Hopkins University and conformed to the National Institutes of Health guidelines. Generation of Homer1 [CMV-Cre (BALB/cJ) ϫ Flpe (C57BL/6 ϫ 129sv) ϫ C57BL/6 (Yuan et al., 2003) ] and Homer2 [129sv ϫ C57BL/6 ] knock-out mice has been described previously. Mice were randomly assigned to receive injections of either MPTP (Sigma, St. Louis, MO) or saline (SAL). For immunocytochemistry, the following animals were used (n ϭ SAL/MPTP): Homer1 knockout (H1ko; n ϭ 4/6) and their littermate wild-type mice (H1wt; n ϭ 5/3); Homer2 knock-out (H2ko; n ϭ 4/5) and their littermate wild-type mice (H2wt; n ϭ 5/6). Because of the limited number of animals that were available, both males and females were used for each genotype group (average male-to-female ratio, 0.6). Because there was no noticeable difference in the localization of group I mGluRs between males and females, data gathered from both sexes were pooled. Animals in the MPTP group received four weekly intraperitoneal injections of 25 mg/kg MPTP dissolved in 0.9% saline (i.e., cumulative dose of 100 mg/kg). This dose of MPTP was chosen based on a previous study (Bezard et al., 1997) . The animals in the SAL group received four weekly intraperitoneal injections of 0.9% saline (10 ml/kg). Seven days after the last injection, animals were deeply anesthetized with an overdose of pentobarbital (100 mg/kg, i.p.), and transcardially perfused with oxygenated Ringer's solution, followed by a fixative solution containing 4.0% paraformaldehyde and 0.1-0.2% glutaraldehyde in phosphate buffer (PB; 0.1 M; pH 7.4). The brain was then removed from the skull and postfixed in the same fixative for at least 12 h at 4°C before being washed in PBS (0.01 M; pH 7.4) and cut in 50-to 60-m-thick coronal sections with a vibrating microtome.
For Western immunoblot, the following mice (n ϭ SAL/MPTP) were used: H1wt (n ϭ 9/5), H2wt (n ϭ 4/3), and normal C57BL/6 mice (n ϭ 4/6; Charles River Laboratories, Wilmington, MA). Seven days after the last MPTP or SAL injection, they were rapidly decapitated, the brain was removed from the skull, and the striatum and GP were dissected out. Again, both males and females were used for each strain (average maleto-female ratio, 0.8), and all strain groups were pooled together, because our preliminary analysis did not show any significant effect of strain background on group I mGluRs and Homer protein expression levels.
Primary antibodies. To localize group I mGluRs, we used rabbit antimGluR1a (Millipore, Billerica, MA) and rabbit anti-mGluR5 (Millipore) polyclonal antibodies. The mGluR1a and mGluR5 antibodies have previously been tested for specificity with Western immunoblot using samples from transfected cells (Marino et al., 2001; Kuwajima et al., 2004) and knock-out mice brain tissue (Ferraguti et al., 1998) , as well as immunohistochemistry performed with antibody preabsorption (Testa et al., 1998) or on knock-out brain tissues (Kuwajima et al., 2004) . For the immunoperoxidase localization of Homer proteins, rabbit polyclonal antibodies against H1b/c (1:5000), H2 (1:5000), and H3 (1:5000) were used (Shiraishi et al., 2003 (Shiraishi et al., , 2004 . Each antibody was preabsorbed with two other Homer proteins, followed by affinity purification with the corresponding antigen. The specificity of these antibodies was confirmed with Western immunoblot using samples from cell lines transfected with Homer cDNAs (Shiraishi et al., 2003) .
The extent of the MPTP-induced nigrostriatal lesion was assessed by immunocytochemistry with a monoclonal rat antibody against dopamine transporter (DAT; 1:500; Millipore) and by Western immunoblot with a polyclonal rabbit antibody against tyrosine hydroxylase (TH; 1:5000; Millipore). To assess the expression levels of Homer proteins in GP and striatum, we used a polyclonal rabbit antibody against Homer (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), which recognizes all Homer isoforms (H1a at ϳ27 kDa and long Homers at ϳ45 kDa). Actin was used as loading control and labeled with a polyclonal goat anti-actin antibody (1:500; Santa Cruz Biotechnology). Details of antibodies used in this study are summarized in Table 1 .
Western immunoblot. Brain tissue was sonicated in ice-cold buffer solution containing 10 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, 1 mM benzamidine, 1.0% Triton X-100, 0.1% SDS, and protease inhibitor mix- Tissue sections were treated with 1.0% NaBH 4 in PBS for 20 min at room temperature (RT), followed by PBS rinses. The sections were then incubated for 1 h at RT in PBS containing 5% nonfat dry milk and 0.3% Triton X-100, followed by the primary antibody solution containing 1.0% milk and 0.3% Triton X-100 in PBS for 24 h at RT. After PBS rinses, the sections were incubated for 90 min in biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Orton Southgate, UK) diluted in the antibody diluent solution, followed by avidin-biotin-peroxidase complex (Vector Laboratories). The sections were then washed in PBS and Tris buffer (50 mM; pH 7.6) and transferred to a solution containing 0.025% 3,3Ј-diaminobenzidine tetrahydrochloride (DAB; Sigma), 10 mM imidazole, and 0.005% hydrogen peroxide in Tris buffer for 10 min. After PBS washes, the sections were mounted on gelatin-coated slides and dehydrated, and a coverslip was applied with Permount. They were examined with a Leica DMRB microscope (Leica Microsystems, Bannockburn, IL), and images were acquired with a CCD camera (Leica DC500) controlled by Leica IM50 software (version 1.20). To avoid interindividual variability in Homer staining intensity caused by inherent differences between animals and immunohistochemical reactions, we made sure to incubate GP and STN tissue from the same animals with the different Homer antibodies, and each of these reactions were done at the same time using the same solutions, except for primary antibodies.
Immunoperoxidase localization of group I mGluRs at the electron microscopic level. After NaBH 4 treatment, the sections were placed in a cryoprotectant solution for 20 min, followed by freeze thawing as described previously ). The sections then underwent processing for the immunoperoxidase localization of group I mGluRs in a manner identical to that for light microscopy, except that the incubation with the primary antibodies was performed at 4°C for 48 h, and Triton X-100 was omitted from all incubation solutions. After immunostaining, the sections were transferred to PB for 10 min and treated with 1.0% OsO 4 in PB for 20 min. They were then rinsed with PB and dehydrated in an ascending gradient of ethanol. Uranyl acetate (1.0%) was added to the 70% alcohol to enhance contrast. The sections were then treated with propylene oxide before being embedded in epoxy resin (Durcupan ACM; Fluka, Buchs, Switzerland) for 24 h, mounted on microscope slides, and placed in the oven at 60°C for 48 h. Samples of GP and STN were then cut out from the slides, glued on the top of resin blocks with cyanoacrylate glue, and cut into 60-nm-thick ultrathin sections with an ultramicrotome (Leica Ultracut T2). The ultrathin sections were serially collected on single-slot Pioloform-coated copper grids, stained with lead citrate for 5 min, and examined with a Zeiss (Thornwood, NY) EM-10C electron microscope. The micrographs were acquired with a CCD camera (DualView 300W; Gatan, Pleasanton, CA) controlled by DigitalMicrograph software (version 3.6.5, 3.8.1, or 3.9.1; Gatan). Some digitally acquired micrographs were adjusted only for brightness and contrast, while maintaining the image resolution constant, with either DigitalMicrograph or Photoshop software (version 7.0; Adobe Systems, San Jose, CA) to optimize the quality of the images for analysis.
Preembedding immunogold labeling of group I mGluRs. After freeze thawing, sections processed for preembedding immunogold staining were incubated for 1 h at RT in a solution containing 5% milk in PBS-BSA (0.005% BSA, 0.05% Tween 20, and 0.001% gelatin in PBS). The sections were then incubated with PBS-BSA containing 1% milk and the primary antibodies for 48 h at 4°C. After rinses in PBS-BSA, the sections were incubated for 2 h at RT with goat anti-rabbit IgGs conjugated with 1.4 nm gold particles (1:100; Nanoprobes, Yaphank, NY) in PBS-BSA with 1% milk. The sections were then fixed in 1% glutaraldehyde in PBS for 10 min at 4°C and rinsed with PB, followed by silver intensification of the gold particles with the HQ silver kit (Nanoprobes) for 5-10 min. They were then rinsed with PB and treated with 0.5% OsO 4 in PB for 10 min. The rest of the procedure was the same as that described above for the immunoperoxidase material.
Control incubations. Tissue sections were also incubated in the absence of primary antibodies to control for immunostaining generated by nonspecific binding of the secondary antibodies. In addition, to control for nonspecific staining generated by endogenous biotin (McKay et al., 2004) , peroxidase (Matsumoto, 1985) , and Zn (Veznedaroglu and Milner, 1992) , tissue sections were incubated with (1) avidin-biotin-peroxidase complex and DAB, (2) DAB only, or (3) HQ silver only, respectively. These control incubations were performed in parallel with normal incubations and resulted in the total absence of immunoreactivity (ir) at both light microscopic (LM) and electron microscopic (EM) levels.
Analysis of immunostained material. Light micrographs of the DATstained striatal sections were acquired as described above, and the intensity of the peroxidase labeling was measured in the dorsal striatum at the level of anterior commissure decussation [ϳ0.14 mm anterior to the bregma, according to Paxinos and Franklin (2001) ] with the ImageJ software (version 1.34s; National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/) to assess the extent of MPTP-induced loss of dopaminergic fibers in the striatum. MPTP-treated mice that did not show Ͼ80% loss of DAT labeling (compared with sections from SAL animals) were excluded from the analysis.
The method of analysis used for the electron microscopic examination in the present study was based on our previous studies Smith, 1999, 2002; Hanson et al., 2004; Kuwajima et al., 2004) . In the sections processed for immunoperoxidase labeling, the tissue was sampled randomly from at least three different animals for each group I mGluR subtype. Electron micrographs of GP and STN were randomly taken at 25,000ϫ from ultrathin sections close enough to the surface of each section that antibody penetration was optimal. All labeled elements in an area of observation were counted, and the total area of observation was measured to calculate densities of labeled elements. Any elements that were not identifiable because of a lack of well defined ultrastructural features were categorized as "unknown." These unknown elements most likely consisted predominantly of small-caliber dendrites, unmyelinated axons, and glial cell processes. A total area from which observations were made is summarized in Table 2 .
In the sections processed for preembedding immunogold labeling, electron micrographs of GP and STN dendrites were taken at 31,500 and 40,000ϫ from the surface of immunostained sections, where the labeling was optimal. The gold particles were then counted and classified into four categories (intracellular, synaptic, perisynaptic, and extrasynaptic) based on their localization in relation to the plasma membrane and postsynaptic specializations visible in the plane of section. The gold particles that were apposed to or within 20 nm from the plasma membrane were classified as "plasma membrane bound" and pooled into three categories (i.e., synaptic, perisynaptic, and extrasynaptic) based on their localization relative to postsynaptic specializations. The term "synaptic" is used to describe gold particles found within or apposed to the main body of postsynaptic specializations, whereas "perisynaptic" refers to regions of the plasma membrane within 20 nm from the edges of postsynaptic specializations. All other plasma membrane-bound gold particles were categorized as "extrasynaptic." The gold particles that were located Ͼ20 nm away from the plasma membrane were categorized as "intracellular." The 20 nm cutoff point was chosen based on the assertion that the distance between the epitope and gold particle, bridged by the primary and secondary antibodies, can be ϳ20 nm (Blackstad et al., 1990) . Dendrites with poor ultrastructural preservation or cut in a plane of section that was not suitable to distinguish the presynaptic and postsynaptic membranes were omitted from the analysis. Micrographs of randomly selected dendrites (9 -11 per brain area per animal) were analyzed for total length of dendritic plasma membrane and length of synaptic and perisynap-tic plasma membrane using the ImageJ software (with the DM3 Reader plug-in; version 1.3.4; available the ImageJ website).
Effects of MPTP treatment and Homer deletion on the subcellular and subsynaptic localization of group I mGluRs were statistically analyzed by two-way ANOVA, with post hoc Tukey test. Friedman's test was used if a dataset did not fit the Gaussian distribution. H1ko and H2ko were compared with their respective wild types.
Results

MPTP-induced lesion of the dopaminergic system in the basal ganglia
In saline-treated mice, dense DAT immunoreactivity was observed in STR (Fig. 1 Aa) and substantia nigra (SN) (Fig. 1 Ab) . DAT-labeled axon collaterals were also seen in GP (Fig. 1 Ac) and STN ( Fig. 1 Bd) , as described previously (for review, see Smith and Kieval, 2000) . As a model of Parkinson's disease, we used the dopamine-specific neurotoxin MPTP to induce lesion of the nigrostriatal dopaminergic system. This treatment resulted in a massive loss of DAT-immunoreactive profiles in the STR, SN, GP, and STN ( Fig. 1 AaЈ, AbЈ, AcЈ, AdЈ). Quantitative Western immunoblot analysis of TH expression in the STR revealed ϳ90% reduction after MPTP treatment (Fig. 1 B) . There was no marked difference between wild-type and Homer-deficient mice in the extent of MPTP-induced lesion of the nigrostriatal dopaminergic projection (data not shown).
Biochemical measurements of expression levels of group I mGluRs and Homer proteins in striatum and GP of MPTP-treated mice
To assess changes in the expression levels of group I mGluRs and Homer proteins in basal ganglia, Western immunoblots were used to measure mGluR1a, mGluR5, long Homer, and Homer1a protein levels in the striatum and GP of MPTP-treated mice. Because of the small size of the STN, we could not collect enough STN tissue for this part of the study. MPTP treatment caused a statistically significant reduction in expression levels of mGluR1a and H1a proteins in the STR (Fig. 2 A) ( p Ͻ 0.01; t test), whereas the levels of long Homer (e.g., H1b/c, H2, and H3) and mGluR5 proteins were unaffected (Fig. 2 A) . In contrast, expression levels of group I mGluRs and Homer proteins in GP were unaffected by the same treatment (Fig. 2 B) .
Light microscopic immunohistochemical Homer staining in GP and STN of MPTP-treated mice
At the light microscopic level, no obvious change in the pattern and intensity of H1b/c ir was found in GP and STN after MPTP treatment, H2 deletion, or both (Fig. 3Ba-Bd,Da-Dd) . Similarly, neither MPTP nor H1 deletion significantly affected the pattern and intensity of H2 ir in GP (Fig. 3Ae -Ah) and STN ( Fig. 3Ce-Ch) . In all groups, very light or no immunoreactivity for H3 protein was found in GP and STN (data not shown). This is consistent with previous observations that H3 expression is restricted to the cerebellum, hippocampus, and olfactory bulb (Sun et al., 1998; Xiao et al., 1998; Shiraishi et al., 2004) . The lack of immunoreactivity for H1 and H2 in their corresponding knockout animals indicates the high specificity of the anti-H1b/c and anti-H2 antibodies, respectively, used in this study.
LM immunoperoxidase localization of group I mGluRs in GP and STN
At the light microscopic level, immunoreactivity for mGluR1a and mGluR5 in the GP and STN of H1 and H2 mice (both wildtype and knock-out) did not exhibit any marked difference between SAL and MPTP groups. Consistent with previous observations in the monkey pallidum and STN (Hanson and Smith, 1999; Kuwajima et al., 2004) , both perikarya and neuropil contained intense labeling for group I mGluRs (Figs. 4 A, E, 5A, E).
EM immunoperoxidase localization of group I mGluRs in GP and STN MPTP treatment increases presynaptic localization of mGluR1a, but not mGluR5, in GP and STN
In all genotype and treatment groups, dendrites and unmyelinated axons accounted for the largest number of immunoreactive elements in mGluR1a-and mGluR5-immunostained GP and STN tissue. In some cases, axonal group I mGluR ir was found as discrete patches along the length of unmyelinated axons (Fig.  4 B) . Immunoreactive terminal boutons for either receptor subtypes were rarely encountered (Figs. 4 B, E , 5B, E). MPTP treatment significantly increased the relative density of mGluR1a-labeled presynaptic elements in the GP and STN of wild-type mice. More specifically, a statistically significant increase in the density of mGluR1a-labeled axon terminals was found in the GP of both H1wt and H2wt (Fig. 4C,D , term.) ( p Ͻ 0.05; Tukey test), whereas an increased density of mGluR1a-labeled unmyelinated axons was found in the STN of H2wt (Fig. 4 H, u.ax.) ( p Ͻ 0.05 between H2wt-SAL and H2wt-MPTP; Tukey test). Although the density of u.ax. was also increased in the GP of H2wt-MPTP, it did not reach statistical significance (Fig. 4 D, u.ax.) ( p ϭ 0.07; Tukey test). Neither MPTP treatment nor Homer deletion significantly altered the overall pattern of mGluR5 localization in neuronal elements of the GP and STN neuropil in these mice (Fig. 5) .
MPTP treatment and Homer deletion alter glial expression of group I mGluRs in GP and STN
Overall, the density of mGluR5-labeled glial processes in both GP and STN was higher (on average, 5.99 Ϯ 0.86 and 6.79 Ϯ 0.97 per 4 values are normalized to the saline-treated group and expressed as mean Ϯ SEM. Note that MPTP treatment causes ϳ50% and ϳ40% reduction in H1a and mGluR1a levels, respectively (*p Ͻ 0.05; t test). B, Top, Representative immunoblots of GP tissue samples from two SALtreated and two MPTP-treated mice, probed for (from left) long Homer, H1a, mGluR1a, and mGluR5. Note that the intensity of immunoreactive bands for Homer proteins and group I mGluRs is not altered by MPTP treatment. Bottom, Quantification of the intensity of immunoreactive bands from the striatal samples from SAL-(n ϭ 15) and MPTP-treated (n ϭ 14) mice reveals that MPTP treatment had no effect on the expression levels of Homer proteins and group I mGluRs in GP. All values are normalized to the saline-treated group and expressed as mean Ϯ SEM.
Figure 2.
Western immunoblot analysis of the total tissue expression levels of group I mGluRs and Homer proteins in the STR and GP of saline-and MPTP-treated mice. A, Top, Representative immunoblots of the striatal tissue samples from two SAL-treated and two MPTP-treated mice, probed for (from left) long Homer, H1a, mGluR1a, and mGluR5. The molecular weights of long Homer and H1a were ϳ45 kDa and ϳ27 kDa, respectively. Both mGluR1a and mGluR5 migrated as monomers and multimers with the molecular weight ranging from ϳ130 to ϳ250 kDa. Actin was used as loading control and was unaffected by MPTP treatment. Note that the intensity of immunoreactive bands for H1a and mGluR1a in the MPTP mice is less than the saline-treated mice. Bottom, Quantification of the intensity of immunoreactive bands from the striatal samples from SAL-(n ϭ 15) and MPTP-treated (n ϭ 14) mice. All 100 m 2 for GP and STN, respectively) than that of mGluR1a-labeled glial elements (on average 1.94 Ϯ 0.36 and 2.77 Ϯ 0.41 per 100 m 2 for GP and STN, respectively).The glial expression of mGluR1a and mGluR5 ir was affected by MPTP treatment and Homer deletion in the GP and STN. MPTP treatment significantly increased the density of mGluR1a-labeled glial processes in the GP of H2wt, but not H2ko, mice (Fig. 4 D, glia) ( p Ͻ 0.05; Tukey test). In addition, the density of mGluR5-labeled glial processes in the GP significantly decreased after deletion of H1 (Fig. 5C, glia) ( p Ͻ 0.05 between H1wt-SAL and H1ko-SAL; Tukey test), which was reversed by MPTP treatment (Fig. 5C, glia) ( p Ͻ 0.05 between H1ko-SAL and H1ko-MPTP; Tukey test).
Immunogold localization of group I mGluRs in GP and STN mGluR1a and mGluR5 are differentially expressed in dendrites of GP and STN neurons
Because of its diffuse and amorphous nature, the immunoperoxidase reaction product does not reveal the exact subsynaptic localization of receptors. To address this issue, we used the preembedding immunogold method at the electron microscopic level, which offers a much higher level of spatial resolution.
Most (60 -70%) of the mGluR1a immunogold labeling was associated with the dendritic plasma membrane, whereas only ϳ35% of mGluR5 labeling was apposed to the plasma membrane (Fig.  6C,D) . Neither Homer deletion nor MPTP treatment had a significant effect on the relative proportions of mGluR1a and mGluR5 expressed on the plasma membrane of GP dendrites in H1 and H2 mice (both wild-type and knock-out) (Fig. 6C,D) . Of the membrane-bound labeling for mGluR1a and mGluR5, most (75-85%) was found in the extrasynaptic portion of the plasma membrane. Most of the synapse-associated labeling was found within the postsynaptic specialization of symmetric synapses (40 -70% of synapseassociated particles) (Fig. 6 A, B) or at the edges of symmetric (20 -40%) (Fig. 6 B) and asymmetric (10 -20%) (Fig. 6 A) postsynaptic specializations, whereas Ͻ5% of total plasma membrane-bound group I mGluRs labeling was found within the asymmetric postsynaptic densities.
Similar to GP, 60 -65% of total immunogold labeling for mGluR1a in STN dendrites of H1 and H2 mice (both wild-type and knock-out) was associated with the plasma membrane, whereas 35-40% of mGluR5 labeling was found on the membrane (Fig. 6G,H ) . Of the plasma membrane-bound mGluR1a and mGluR5 labeling, ϳ95% was extrasynaptic. Of the synapse-associated labeling, most of the group I mGluRs were found within the postsynaptic specialization of symmetric synapses (20 -35% of synapseassociated particles) or at the edges of symmetric (30 -45%) (Fig.  6 E) and asymmetric (25-35%) (Fig. 6 E, F ) postsynaptic specializations, whereas mGluR5 labeling within the asymmetric postsynaptic density was rare (Ͻ5%).
Group I mGluRs are selectively concentrated in perisynaptic plasma membrane in GP and STN
To assess the degree of selective concentration of receptors at synapse-associated plasma membrane domains, we calculated the relative density (RD) of gold labeling. This was achieved by dividing the percentage of gold particles associated with synaptic and perisynaptic membrane by the proportion of the length of the dendritic plasma membrane involved in these synaptic domains. From 24 mice (n ϭ 3 for each genotype-treatment group), we examined 248 randomly selected group I mGluRs-containing dendrites in the GP and 261 labeled dendrites in the STN. In the GP, ϳ7% of the dendritic plasma membrane was accounted for by symmetric synapses, ϳ3% by asymmetric synapses, ϳ2% by the perisynaptic plasma A, Immunoperoxidase labeling for mGluR1a in GP at light microscopic level shows densely stained neuropil and perikarya (white arrowheads). B, Immunoreactivity for mGluR1a is mainly expressed in dendrites and unmyelinated axons. Note that mGluR1a labeling in a longitudinally cut unmyelinated axon (ax) appears as a discrete patch of peroxidase reaction product along the length of the axon. C, D, Histograms summarizing the subcellular localization of mGluR1a in GP neuropil of Homer1 (C) and Homer2 (D) mice, expressed as the mean Ϯ SEM density of labeled elements per 100 m 2 of GP tissue. Note that statistically significant differences were found in the density of mGluR1a-immunopositive axon terminals (C, D, term.; *p Ͻ 0.05; Tukey test) and that of mGluR1a-labeled glial processes (D, glia; *p Ͻ 0.05; Tukey test). E, Immunoperoxidase labeling for mGluR1a in STN at light microscopic level shows densely stained neuropil and perikarya (white arrowheads). F, Immunoreactivity for mGluR1a is mainly expressed in dendrites, with occasional labeling in unmyelinated axons. G, H, Histograms summarizing the subcellular localization of mGluR1a in STN neuropil of Homer1 (G) and Homer2 (H ) mice, expressed as the mean Ϯ SEM density of labeled elements per 100 m 2 of STN tissue. Note that statistically significant differences were found in the density of mGluR1a-immunopositive unmyelinated axons (H, u.ax.; *p Ͻ 0.05; Tukey test). CP, Cerebral peduncle; den, dendrites; u.ax., unmyelinated axons; m.ax., myelinated axons; term., terminal boutons; glia, glial processes. Scale bars: A, E, 50 m; B, F, 0.5 m. membrane (i.e., 20 nm from the edges of postsynaptic specializations) at symmetric synapses, ϳ0.5% by the perisynaptic membrane at asymmetric synapses, and ϳ87% by the extrasynaptic plasma membrane. Neither Homer deletion nor MPTP treatment had a significant effect on the percentage of the dendritic plasma membrane at each synaptic domain in GP (data not shown). If the plasma membrane-bound receptor immunolabeling was randomly distributed, then one would expect to find percentages of immunogold particles associated with synaptic and perisynaptic membrane in the same range as that revealed by random plasma membrane measurements (therefore, the RD of gold particles would be equal to one). However, such was not the case. Immunogold labeling for both mGluR1a and mGluR5 was highly concentrated at the perisynaptic plasma membrane of asymmetric synapses (Fig. 7A-D , peri-asym), and to a lesser degree, of symmetric synapses (Fig. 7A-D, peri-sym) . In contrast, a very low RD of mGluR1a and mGluR5 was found within the asymmetric postsynaptic density (Fig. 7A-D, syn-asym) . Despite the preponderance of labeling for group I mGluRs within the postsynaptic specialization of symmetric synapses, RD was rather low, ranging from 1.0 to 3.0 (Fig. 7A-D, syn-sym) .
In the STN, 2-3% of the dendritic plasma membrane was occupied by symmetric synapses, 1-2% by asymmetric synapses, ϳ1% by perisynaptic plasma membranes at symmetric synapses, ϳ0.3% by perisynaptic membranes at asymmetric synapses, and ϳ95% by extrasynaptic membrane. Neither Homer deletion nor MPTP treatment had a significant effect on this breakdown of synaptic domains of the dendritic plasma membrane in the STN (data not shown). Analysis of RD of group I mGluRs revealed that both mGluR1a and mGluR5 were highly concentrated in the perisynaptic plasma membrane at asymmetric (Fig. 7E-H , periasym) and, to a lesser degree, symmetric (Fig. 7E-H, peri-sym) synapses. The mean receptor RD remained Ͻ1.0 for both mGluR1a and mGluR5 within the postsynaptic specialization of symmetric and asymmetric synapses in all treatment groups (Fig.  7E -H, syn-sym and syn-asym, respectively).
MPTP treatment increases mGluR1a within symmetric synapses in GP and STN
In H1wt and H1ko mice, MPTP treatment significantly increased the RD of mGluR1a within symmetric synapses in both GP (Fig.  7A , syn-sym) ( p Ͻ 0.01 between H1wt-SAL and H1wt-MPTP; p Ͻ 0.05 between H1ko-SAL and H1ko-MPTP; Tukey test) and STN (Fig. 7C , syn-sym) ( p Ͻ 0.05 between H1wt-SAL and H1wt-MPTP; Tukey test). In contrast, MPTP treatment significantly reduced RD for the extrasynaptic mGluR1a in the GP of H1ko (Fig. 7A, extrasyn) ( p Ͻ 0.05 between H1ko-SAL and H1ko-MPTP; Tukey test). GP at light microscopic level shows densely stained neuropil and perikarya (white arrowheads). B, Immunoreactivity for mGluR5 is mainly expressed in dendrites, unmyelinated axons (ax), and glial processes (g). C, D, Histograms summarizing the subcellular localization of mGluR5 in GP neuropil of Homer1 (C) and Homer2 (D) mice, expressed as the mean Ϯ SEM density of labeled elements per 100 m 2 of GP tissue. Note that statistically significant differences were found in the density of mGluR5-labeled glial processes (C, glia; *p Ͻ 0.05; Tukey test). E, Immunoperoxidase labeling for mGluR5 in STN at light microscopic level shows densely stained neuropil and perikarya (white arrowheads). F, Immunoreactivity for mGluR5 is mainly expressed in dendrites, with occasional labeling in glial processes (g). G, H, Histograms summarizing the subcellular localization of mGluR5 in STN neuropil of Homer1 (G) and Homer2 (H ) mice, expressed as the mean Ϯ SEM density of labeled elements per 100 m 2 of STN tissue. CP, Cerebral peduncle; den, dendrites; u.ax., unmyelinated axons; m.ax., myelinated axons; term., terminal boutons; glia, glial processes. Scale bars: A, E, 50 m; B, F, 0.5 m.
MPTP treatment and Homer deletion elicit complex changes in mGluR5 localization in GP and STN
In the GP, H2 deletion significantly increased the RD of synaptic mGluR5 at symmetric synapses, which was reversed by MPTP treatment (Fig. 7F , syn-sym) ( p Ͻ 0.05 between H2wt-SAL and H2ko-SAL; p Ͻ 0.01 between H2ko-SAL and H2ko-MPTP; Tukey test). In the STN of H1wt animals, MPTP treatment significantly increased RD for perisynaptic mGluR5 at symmetric synapses, which was attenuated in MPTP-treated H1ko animals (Fig. 7G , peri-sym) ( p Ͻ 0.01 between H1wt-SAL and H1wt-MPTP; p Ͻ 0.05 between H1wt-MPTP and H1ko-MPTP; Tukey test). MPTP treatment also significantly increased RD of extrasynaptic mGluR5 in the GP of H2wt animals (Fig. 7F, extrasyn) ( p Ͻ 0.05 between H2wt-SAL and H2wt-MPTP; Tukey test), whereas there was a strong trend for MPTP-induced decrease in RD for perisynaptic mGluR5 at asymmetric synapses in the GP of H1ko (Fig. 7E, peri-asym) ( p ϭ 0.058 between H1ko-SAL and H1ko-MPTP; Tukey test) but not H1wt animals.
Discussion
The present in vivo study demonstrates that nigrostriatal dopaminergic lesion and Homer deletion induce changes in the expression and trafficking of mGluR1a and mGluR5 in the mouse basal ganglia. The main findings are as follows: (1) MPTP treatment decreases the amount of H1a and mGluR1a in the STR, (2) MPTP treatment increases presynaptic expression of mGluR1a in GP and STN of normal mice, (3) the relative density of mGluR1a within the postsynaptic specialization of symmetric synapses is increased in the GP and STN of MPTP-treated H1 mice, (4) the subsynaptic localization of mGluR5 exhibits complex changes in response to MPTP treatment or Homer deletion, and (5) the glial expression of group I mGluRs in GP is altered in MPTP-treated and Homer knockout mice. Together, these findings provide evidence for complex, in vivo, regulatory changes of the localization and trafficking of group I mGluRs by dopamine and Homer in basal ganglia. Figure 6 . Preembedding immunogold labeling for mGluR1a and mGluR5 in GP and STN of wild-type and Homer-deficient mice treated with saline or MPTP. A, B, Relative proportion of the plasma membrane-bound gold labeling for mGluR1a and mGluR5 in GP dendrites of Homer1 (A) and Homer2 (B) mice. Note that the proportion of plasma membrane-bound mGluR1a labeling is higher than that of mGluR5 labeling. Neither MPTP treatment nor H1 deletion significantly altered the plasma membrane expression of group I mGluRs. C, D, Electron micrographs of GP dendrites labeled for mGluR1a (C) or mGluR5 (D), contacted by axon terminals that establish asymmetric (large arrow) or symmetric (black arrowhead) synapses. Note the immunogold labeling at the edges of symmetric (D, small arrow) and asymmetric (C, small arrow) synapses, as well as within the main body of symmetric synapses (C, white arrowhead). E, F, Relative proportion of the plasma membrane-bound gold labeling for mGluR1a and mGluR5 in STN dendrites of Homer1 (E) and Homer2 (F ) mice. Note that the proportion of the plasma membrane-bound mGluR1a labeling is higher than that of mGluR5 labeling. Neither MPTP treatment nor H1 deletion significantly altered the plasma membrane expression of group I mGluRs. G, H, Electron micrographs of STN dendrites labeled for mGluR1a (G) or mGluR5 (H ), contacted by terminal boutons that establish asymmetric (large arrow) or symmetric (black arrowhead) synapses. Note that immunogold labeling is found at the edges of symmetric (G, small arrow) and asymmetric (G, H, small arrows) synapses. Data presented here and in Figure 7 were compiled from 5039 gold particles in 819 GP dendrites from 24 animals for mGluR1a, 5865 gold particles in 797 GP dendrites from 24 animals for mGluR5, 4419 particles in 905 STN dendrites from 24 animals for mGluR1a, and 5682 particles in 826 STN dendrites from 24 animals for mGluR5. AT, Axon terminals; den, dendrites. Scale bar: C (for C, D, G, H ), 0.5 m.
Reduced H1a and mGluR1a protein levels in parkinsonian STR Our data show that the total tissue expression levels of H1a and mGluR1a were significantly reduced in the STR of MPTPtreated wild-type mice. Because H1a expression can be induced by cocaine (Brakeman et al., 1997) , which increases extracellular dopamine concentration, this reduction of basal striatal H1a level could be attributed to a reduced dopamine content caused by MPTP-induced degeneration of the nigrostriatal pathway. Unlike STR, pallidal H1a level remained unchanged after the same treatment. This differential effect of dopamine depletion between STR and GP can be explained by the limited extent of the nigropallidal projection compared with the massive nigrostriatal system (Smith and Kieval, 2000) . The reduced mGluR1a level in STR may be the result of MPTP-induced degeneration of presynaptic mGluR1a in THimmunoreactive terminals (Paquet and Smith, 2003) . However, we cannot rule out the possibility that the postsynaptic expression of mGluR1a was downregulated by dopamine depletion.
Increased axonal mGluR1a localization in parkinsonian GP and STN
The present data demonstrate that MPTP treatment significantly increased axonal expression of mGluR1a in GP and STN of H2wt. A small but statistically significant increase in terminal expression of mGluR1a was also observed in GP of H1wt and H2wt. Thus, it appears that MPTP treatment promotes presynaptic expression of mGluR1a in these nuclei in wild-type animals. The exact source of these mGluR1a-labeled presynaptic elements remains to be established. Various sources should be considered, because the GP receives glutamatergic inputs from the STN and GABAergic afferents from the STR and local GP collaterals, whereas the STN receives GABAergic inputs from GP and glutamatergic inputs from the cortex, parafascicular thalamic nucleus, pedunculopontine nucleus, and local STN collaterals (Smith et al., 1998) . Based on previous data indicating that H1a upregulation causes translocation of group I mGluRs into axonal processes (Ango et al., 2000) , together with our observation demonstrating the downregulation of H1a in parkinsonian STR, it seems unlikely that the striatopallidal pathway is the main source of this post-MPTP increase in mGluR1a-labeled presynaptic elements in the GP. Conclusive identification of the origin of these mGluR1a-containing axons would require the use of anterograde tracing combined with immunolabeling for mGluR1a. Interestingly, mGluR1a-and mGluR5-ir was found as discrete patches along the length of unmyelinated axons. This pattern of axonal labeling resembles that of pallidal mGluR2/3, which mediate presynaptic inhibition of excitatory neurotransmission in rat GP (Poisik et al., 2005) . Assuming that the axonally expressed group I mGluRs are functional, one could hypothesize that activation of these receptors might lead to presynaptic regulation of neurotransmitter release. Indeed, activation of group I mGluRs in the rat STN causes presynaptic inhibition of exci- STN (C, D, G, H ). Values were calculated as the percentage of labeling for each receptor subtype at a given membrane domain divided by the percentage of the dendritic plasma membrane that contributes to that domain. Note that, in all cases, group I mGluRs are highly concentrated at the edges of asymmetric synapses (peri-asym) and, to a lesser extent, symmetric synapses (peri-sym). A, C, MPTP treatment significantly increased the RD of mGluR1a at symmetric synapses in GP (A) and STN (C) of H1wt and H1ko mice (A, C, syn-sym; *p Ͻ 0.05; ** p Ͻ 0.01; Tukey test), whereas extrasynaptic mGluR1a was significantly reduced in the GP of H1ko mice (A, extrasyn; *p Ͻ 0.05; Tukey test). F, H2 deletion significantly increased the density of synaptic mGluR5 at symmetric synapses (F, syn-sym; *p Ͻ 0.05; Tukey test), which was reversed by MPTP treatment of H2ko mice (F, syn-sym; **p Ͻ 0.01; Tukey test). The RD of extrasynaptic mGluR5 was also significantly increased by MPTP treatment in H2wt (F, extrasyn; *p Ͻ 0.05; Tukey test). G, The RD of perisynaptic mGluR5 was significantly increased by MPTP treatment in H1wt (G, peri-sym; **p Ͻ 0.01; Tukey test), which was reversed in MPTP-treated H1ko (G, peri-sym; *p Ͻ 0.05; Tukey test).
